TRANSPORTATION RESEARCH

RECORD

No. 1418

Soils, Geology, and Foundations;
Materials and Construction

Performance-Related
Testing and Evaluation
of Characteristics of
Aggregates and New
Geomaterials

A peer-reviewed publication of the Transportation Research Board

TRANSPORTATION RESEARCH BOARD
NATIONAL RESEARCH COUNCIL

NATIONAL ACADEMY PRESS
WASHINGTON, D.C. 1993



Transportation Research Record 1418
ISSN 0361-1981

ISBN 0-309-05566-0

Price: $24.00

Subscriber Categories
IIIA soils, geology, and foundations
ITIB materials and construction

TRB Publications Staff

Director of Reports and Editorial Services: Nancy A. Ackerman
Associate Editor/Supervisor: Luanne Crayton

Associate Editors: Naomi Kassabian, Alison G. Tobias
Assistant Editors: Susan E. G. Brown, Norman Solomon

Office Manager: Phyllis D. Barber

Senior Production Assistant: Betty L. Hawkins

Printed in the United States of America

Sponsorship of Transportation Research Record 1418

GROUP 2—DESIGN AND CONSTRUCTION OF
TRANSPORTATION FACILITIES
Chairman: Charles T. Edson, Greenman Pederson

Evaluations, Systems and Procedures Section
Chairman: Earl C. Shirley, Auburn, California

Committee on Mineral Aggregates

Chairman: Vernon J. Marks, lowa Depariment of Transportation
Bernard D. Alkire, Michael E. Ayers, John §. Baldwin, George M.
Banino, James R. Carr, Robert J. Collins, Graham R. Ford,
Stephen W. Forster, David W. Fowler, James G. Gehler, Richard
H. Howe, Ian L. Jamieson, Rita B. Leahy, Kamyar Mahboub, W.
R. Meier, Jr., Richard C. Meininger, Richard S. Phillips, William
O. Powell, Charles A. Pryor, Jr., Norman D. Pumphrey, Jr.,
Stuart L. Schwotzer, Larry Scofield, Barbara J. Smith, Mary
Stroup-Gardiner, Kenneth R. Wardlaw, Lennard J. Wylde

Geology and Properties of Earth Materials Section
Chairman: Robert D. Holtz, University of Washington

Committee on Soil and Rock Properties

Chairman: Mehmet T. Tumay, National Science Foundation
Robert C. Bachus, Dario Cardoso de Lima, Don J. De Groot,
David J. Elton, Kenneth L. Fishman, Paul M. Griffin, Jr., Robert
D. Holtz, An-Bin Huang, Mary E. Hynes, Steven L. Kramer,
Rodney W. Lentz, Emir Jose Macari, Paul W. Mayne, Kenneth L.
McManis, Victor A. Modeer, Jr., Priscilla P. Nelson, Peter G.
Nicholson, Norman I. Norrish, Sibel Pamukcu, Carl D. Rascoe,
Kaare Senneset, Sunil Sharma, Timothy D. Stark

G. P. Jayaprakash, Transportation Research Board staff
Sponsorship is indicated by a footnote at the end of each paper.

The organizational units, officers, and members are as of
December 31, 1992.



Transportation Research Record 1418

Contents

Foreword

Test Device for Evaluating Rutting of Asphalt Concrete Mixes
Richard D. Barksdale, Timothy ]. Mirocha, and Jon Sheng

Experience with ASTM P214 in Testing Virginia Aggregates for
Alkali-Silica Reactivity
D. S. Lane

Evaluation of Alabama Limestone Aggregates for Asphalt Wearing
Courses
Prithvi S. Kandhal, Frazier Parker, Jr., and Emad A. Bishara

12

Aggregate Type and Traffic Volume as Controlling Factors in
Bituminous Pavement Friction
William H. Skerritt

22

Evaluation of Domestic Incinerator Ash for Use as Aggregate in
Asphalt Concrete
Norman W. Garrick and Kuo-Liang Chan

30

Mineralogy of Aggregates in Relation to the Frictional Performance
of Seal Coat Pavement Overlays: A Petrographic Study
Mohamed-Asem U. Abdul-Malak, D. W. Fowler, and A. H. Meyer

35

Comparison of Some Engineering Properties of Expanded
Polystyrene with Those of Soils

D. Negussey and M. Jahanandish

DISCUSSION, John S. Horvath, 48

AUTHORS' CLOSURE, 50

43




Resilient and Plastic Behavior of Classifier Tailings and Fly Ash 51
Mixtures

Seung W. Lee and K. L. Tishman

Strength and Life of Stabilized Pavement Layers Containing 60

Fibrillated Polypropylene
W. W. Crockford, W. P. Grogan, and D. S. Chill




Foreword

Aggregate characteristics have a significant, and possibly in many cases the major, effect on
the performance and longevity of pavement structures. The nine papers in this Record provide
information on performance-related testing and evaluation of characteristics of aggregates
and geomaterials.

Barksdale et al. describe the use of a loaded wheel for laboratory testing of resistance to
rutting of asphalt concrete mixtures. The rut depth in the test asphalt concrete beam after
8,000 applications of a deadweight loaded wheel is a measure of that asphalt mixture’s
resistance to rutting, according to the researchers.

Lane reports on the suitability of the ASTM P214 test for determining the potential of
Virginia aggregates to alkali-silica deterioration when used in portland cement concrete. On
the basis of field observations and laboratory test results it was concluded that the current
ASTM P214 test criteria are not suitable for evaluating aggregates in Virginia.

Kandhal et al. evaluated the frictional properties of limestone aggregate in asphalt concrete
wearing surfaces after 9 hr of accelerated polishing, using a British pendulum tester. The
frictional properties exhibited a general relationship to the insoluble residue content of the
limestone aggregate.

Skerritt relates friction numbers determined using an ASTM E274 trailer with the coarse
aggregate rock used in asphalt concrete pavement in New York State. A semilog plot of
friction number versus lane average daily traffic for each rock type showed traffic conditions
under which the aggregate would perform adequately.

Garrick and Chan evaluated waste incinerator bottom ash for use in asphalt concrete. They
conclude that a significant quantity of undesirable material must be removed from the bottom
ash to provide an aggregate of acceptable quality.

Abdul-Malak et al. compared aggregate mineralogy with the friction number when it is
used as a cover aggregate in a bituminous seal coat. They found that the aggregate particle
application rate has an influence on the friction number.

Negussey and Jahanandish, on the basis of their investigation of expanded polystyrene
(EPS), present a comparison of strength and deformation behavior of soils and EPS. They
indicate that engineering properties of EPS can be quantified in a manner similar to those
of earth materials.

Lee and Fishman report on the results of a study on the resilient modulus and plastic
deformation of fly ash produced from coal combustion, a by-product of aggregate processing,
and a mixture of the two materials. The mixture showed greater improvement in resilient
and plastic behavior than either of its constituents considered alone.

Crockford et al. describe results of laboratory and field studies on the effects of mixing
fibrillated fibers on physical behavior of sand or clay soils. They found that the tested fibers
could enhance the performance of chemically stabilized materials.
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Test Device for Evaluating Rutting of
Asphalt Concrete Mixes

RicHARD D. BARKSDALE, TIMOTHY J. MIROCHA, AND JON SHENG

A loaded wheel test apparatus for direct laboratory comparison
of the rutting susceptibility of asphalt concrete mixes is described.
The test consists of applying a loaded, rubber-tired wheel to a
small rectangular beam specimen. For the mechanical apparatus
described, the wheel, which is loaded by deadweight, remains
stationary while the beam moves back and forth. The stress state
applied by this system is similar to that which occurs in the field,
including the application of stress reversals. About 50 two-
directional loads are applied to a specimen each minute with the
total number of repetitions being 8,000. A test can be performed
in about 3 hr. The testing concept is straightforward, and the
loading system is entirely mechanical. Hence, the test can be
conducted and the tester can be maintained at a minimum of cost
by a laboratory technician having a very modest level of technical
and mechanical ability. Also, complicated electronic instrumen-
tation is not required to obtain good results, which significantly
reduces the equipment cost and makes setting up and performing
the rutting test simple.

Field studies reported in 1967 indicated that rutting in flexible
pavements at that time was generally not a problem within
the United States (/). However, during the 25 years following
that study, rutting has become an important factor in pave-
ment design. For example, excessive rutting has been reported
in asphalt concrete pavements in Florida, Georgia, Illinois,
Pennsylvania, Tennessee, and Virginia (2). A number of fac-
tors help to account for the observed increase in the rutting
problem associated with asphalt concrete pavements, includ-
ing increase in overall vehicle traffic volume, increase in the
percentage of truck traffic, increase in tire pressures, increase
in axle loadings, and the occurrence of several years of higher
than average summer temperatures in at least some areas of
the United States.

A Federal Highway Administration study has shown that
a 20 percent increase in total interstate traffic occurred from
1970 to 1984 (3). Accompanying this increase in traffic was a
49 percent increase in the number of trucks and a 126 percent
increase in the number of 80-kN (18-kip) equivalent single-
axle loads applied to the pavements. Also, with the advent
of steel-belted radial tires, truck tire pressures have increased
from about 586 kN/m? (85 psi) to 758 to 861 kN/m? (110 to
125 psi).

To design asphalt concrete mixes with good resistance to
rutting, a simple but reliable test is needed. This paper de-
scribes the construction and operation of a small loaded wheel
tester suitable for routine laboratory use and also gives a
suggested test procedure. The proposed test is suitable for

R. D. Barksdale, School of Civil Engineering, Georgia Institute of
Technology, Atlanta, Ga. 30332. T. J. Mirocha, Atlanta Testing and
Engineering, 11420 Johns Creek Parkway, Duluth, Ga. 30136.
J. Sheng, R & D Drilling and Testing, 2739 Waters Road Southwest,
Atlanta, Ga. 30354.

comparing one asphalt concrete mix directly with another, is
simple to perform, and does not require complicated instru-
mentation and test equipment.

METHODS FOR EVALUATING RUTTING OF
ASPHALT CONCRETE

Sousa et al. (4), as a part of the SHRP program, have given
a good summary and general review of available methods for
measuring the susceptibility of asphalt concrete mixes to rut-
ting. For evaluating rutting in asphalt concrete, the repeated
load simple shear test was given the best overall ranking by
Sousa et al., and the repeated load, triaxial shear test was
given the next-to-highest ranking. The loaded wheel test, which
was not given a good ranking in the SHRP report, offers a
practical alternative to the simple shear and triaxial tests rated
so highly by Sousa et al.

The repeated simple shear test appears to have been ranked
the highest by Sousa et al. for the following reasons:

1. The simple shear test applies a pure state of shear to a
specimen. Sousa et al. point out that permanent deformation
in asphalt concrete is primarily caused by a change in shape
due to the application of shear stress rather than a change in
volume associated with a mean normal stress. The change in
shape of the asphalt concrete through plastic shear flow is
evidenced in the field, for example, by shoving of asphalt
concrete to the sides of the loaded area (5,6). Deformation
is also caused by densification of the asphalt concrete.

2. The direction of the applied shear stress reverses as a
wheel moves toward and then away from a given small ele-
ment of material beneath the pavement. This reversal of shear
stress can be readily applied in the simple shear laboratory
test.

An important concept in materials testing, emphasized in
the SHRP report and by many other researchers, is that the
stress state applied during testing should duplicate, as closely
as practical, the stress state caused in the field by the applied
loading. The repeated, simple shear test offers a practical
trade-off for applying a realistic stress state compared with
more sophisticated tests such as the complicated hollow cyl-
inder test. The test, however, is more suited for research than
routine laboratory testing.

LOADED WHEEL TESTER

The loaded wheel test consists of placing a loaded wheel on
the surface of an asphalt concrete specimen and moving the



wheel in a line back and forth across the surface of the spec-
imen. The loaded wheel tester (LWT) applies a stress state
similar to that within the asphalt concrete when subjected to
a wheel loading moving in a straight line. Stresses due to a
wheel turning and breaking are not applied in this type of
test.

An element of material within the pavement near the sur-
face is subjected to both reversal of shear stress and rotation
of principal planes. The LWT reproduces these general stress
conditions except that the scale is changed. In contrast, the
simple shear test can apply shear stress reversals but does not
reproduce the complete stress state or rotation of principal
stress planes that occurs in the field.

The LWT offers an excellent device for quantitatively com-
paring the relative rut susceptibility of one asphalt concrete
mix with another. The testing concept is straightforward and
the loading system is entirely mechanical. Hence, the tester
can be maintained at a minimum of cost by a laboratory
technician having a very modest level of mechanical ability.
Also, electronic instrumentation is not required to obtain good
resulls. Because of these [ealures, (he loaded wheel test offers
an excellent alternative to other laboratory testing techniques
when the performance of one mix is to be compared with that
of another.

This does not necessarily imply that the LWT is a better
test than the simple shear test. Considerably more testing and
field validation is necessary before a conclusion can be reached.
An important advantage of the simple shear test over the
LWT is that the resilient shear modulus, G,, can be directly
obtained from the simple shear test. The well-known resilient
modulus of elasticity, M,, is related to the resilient shear
modulus, G,, for a linearly elastic, isotropic material by the
following expression:

M, =21 + v) G, )

where v is Poisson’s ratio.

Thus, M, can be estimated from simple shear test results if
a value of Poisson’s ratio is measured or assumed. M. is re-
quired for use in mechanistic-based pavement design proce-
dures and for selecting structural coefficients from the 1986
AASHTO Design Guide.

Neither the resilient modulus nor the structural coefficients
can be obtained from the loaded wheel test at this time. This
is because a relationship has not been found between rutting,
which is a permanent deformation mechanism, and the resil-
ient modulus, which is associated with recoverable defor-
mation. Following the 1986 AASHTO Design Guide, struc-
tural coefficients are determined using resilient moduli values.

LOADED WHEEL TEST APPARATUS

The LWT described in this paper was developed to carry out
an investigation for the Georgia Department of Transporta-
tion (Georgia DOT) to study the influence of aggregate prop-
erties on rutting in asphalt concrete mixes (7). Georgia DOT
has for a number of years used an LWT to investigate the
susceptibility of asphalt concrete mixes to rutting. In the Georgia
DOT LWT apparatus, the loaded wheel is pulled back and

TRANSPORTATION RESEARCH RECORD 1418

forth by a large vertically oriented cam and arm system; the
specimen remains fixed in position during the test.

The primary advantages of the Georgia Tech testing system
over the Georgia DOT’s system include () a much smoother
and more consistent operation, (b) the ability to easily change
the loaded length of specimen, and (c) the ability to change
the speed of the wheel loading. Figures 1 through 4 show
general views of the Georgia Tech LWT. The LWT applies
a constant load, through a wheel, to the surface of a rectan-
gular asphalt concrete beam specimen. The asphalt concrete
beam, which is placed in an adjustable steel box for alignment
and to provide a small degree of confinement, rests on a
rectangular steel plate. The steel plate, which rolls on pre-
cision bearing wheels, is pulled back and forth by a mechanical
system driven by a motor. The general concept for the Geor-
gia Tech LWT was obtained from the one developed at the
University of Nottingham, England.

Wheel Loading

Load is applied to the rectangular asphalt concrete beam spec-
imen by a wheel 28.6 mm (1.125 in.) wide and having a di-
ameter of 203 mm (8 in.). In the future, a wheel 32 to 38 mm
(1.25 to 1.5 in.) wide will be used for most tests to give a
better ratio of wheel width to maximum aggregate size. The
wheel used to date has a hard rubber cover and must be
periodically replaced because of wear. During operation of
the system, the wheel remains at one location but rotates
through a little less than one-half revolution as the beam
moves back and forth. A constant dead load weight is applied
to the wheel through a lever arm arrangement consisting of
a load hanger, lever arm, and pivot as shown in Figures 1, 2,
and 4. The lever arm supporting the dead load hanger is
attached to a test frame 1.52 m (5 ft) long by 0.61 m (2 ft)
wide by 0.9 m (3 ft) high. The load lever arm and test frame
are constructed of 51- by 51-mm (2- by 2-in.) steel box sections
6.4 mm (0.25 in.) in thickness.

FIGURE 1 Photograph of LWT.
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FIGURE 2 LWT—elevation view.

Mechanical Movement of Beam Specimen

The flat steel plate (labeled A in Figure 2), and hence the
asphalt concrete specimen, is pulled back and forth through
a travel path 292 mm (11.5 in.) long by a 1.12-kW (1.5-hp)
motor operating at a speed of 1,725 rpm. Fifty load repetitions
per minute are applied to the asphalt concrete beam using
the following mechanical system shown in Figures 2 and 3:

1. The 1,725-rpm motion of the motor is reduced to 86 rpm
by using a 20 to 1 (nominal) gear reduction box attached to
the end of the motor.

2. The 86-rpm motion coming out of the gear reduction box
is further reduced by going from a pulley 114 mm (4} in.) in

FIGURE 3 Mechanical system used to achieve linear motion.
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FIGURE 4 Plan view drawing of LWT.

diameter attached to the drive shaft leaving the gear reduction
box to a pulley 216 mm (8; in.) in diameter. The two pulleys
lie in the same horizontal plane. The axes of the two pulleys
are 254 mm (10 in.) apart and connected by a flexible drive
belt.

3. The larger pulley turns a vertical drive shaft 31.8 mm
(1.25 in.) in diameter attached by two pillow blocks to a ver-
tical member of the test frame.

4. The drive shaft, in turn, has a cam lever arm system
attached to it that drives the horizontal beam support plate
back and forth (A, Figure 2).

The articulated arm system consists of a cam and cam fol-
lower. The cam follower segment, labeled B in Figure 2, is
rigidly attached by means of a 152-mm (6-in.) length of steel
channel to the specimen support plate (A). This segment of
the articulated lever arm system consists of a steel channel
51 mm (2 in.) wide and 445 mm (17.5 in.) long. The inside
of the channel is machined to form a slot so that a precision
bearing 41.3 mm (13 in.) in diameter can roll back and forth
inside it.

The cam segment of the articulated system (C in Figure 2)
consists of a flat steel plate 267 mm (104 in.) long by 51 mm
(2 in.) wide by 25 mm (1 in.) thick. A hole drilled through
one end of this plate allows it to be welded to the vertical
drive shaft. Nine additional holes 16 mm (3 in.) in diameter
are drilled in this plate, which allows quick adjustment of the
length of travel of the wheel across the specimen. To achieve
the desired 292-mm (11.5-in.) length of travel, the pivot point
of the cam-follower system is located 63.5 mm (2} in.) from
the drive shaft.

To change the circular motion of the drive shaft to linear
motion of the specimen support plate, the cam, which is con-
nected to the drive shaft, is also connected using a precision
bearing to the channel. The channel in turn is rigidly attached
to the specimen support plate. A steel bolt extends vertically
through the cam plate and has a horizontally oriented pre-
cision bearing fitted to the bolt above the plate. This bearing
rolls back and forth in the machined slot of the channel that
comprises the cam follower. Thus, as the vertical drive shaft
rotates, the cam lever arm also rotates. The cam, in turn,



pulls the support plate back and forth as the bearing rolls
along the slot in the channel that is rigidly attached to the
specimen support plate.

The flat support plate (A) is guided along the test frame
by means of eight precision steel bearings, with two of these
bearings located at each corner of the plate. One bearing is
oriented vertically and rides along a flat steel plate welded to
the bottom of the two center members of the test frame
(Figure 4). The other bearing is oriented horizontally and
rides along the side of the steel box section.

Specimen Alignment and Confinement

The specimen is placed in a rectangular box to provide align-
ment and a small degree of confinement. The box consists of
four independent lengths of steel angle. Each steel angle has
either two or three slats machined in it. The slots allow ad-
justment of the angles snugly against the specimen. In prac-
tice, the angles on two adjacent orthogonal sides are tightly
fastened after being properly aligned to the horizontal plate
that supports the specimen. The remaining two angles are
tightened down after the asphalt concrete specimen is posi-
tioned in the apparatus.

Rut Depth Measurement Template

The maximum rut depth resulting from wheel loading is mea-
sured at a different number of load repetitions at several
locations along the beam. To reestablish the exact position
of these measurements each time, a template was developed
that can be repositioned on an asphalt concrete beam speci-
men at exactly the same location each time. To accomplish
this, a horizontally oriented rectangular template is placed on
top of two parallel sides of the steel angle box that holds the
specimen in place. The template, which is machined from
aluminum, has 13 rectangular slots oriented perpendicular to
the direction of the wheel movement and spaced 25.4 mm
(1 in.) apart. The slots are 38 mm (1.5 in.) long and 9.5 mm
(¢ in.) wide. To measure rut depth, a 0.025-mm (0.001-in.)
dial indicator is placed successively in each desired slot and
slowly moved across the transverse rut profile. The largest
observed dial reading is recorded as the maximum rut depth.
The transverse rut profile at some locations has been observed
to be nonuniform. The nonuniformity is usually caused by the
presence of aggregate particles near the surface (see Figure 5).
Measuring the maximum rut depth in the manner described
tends to produce less scatter in test results than taking a read-
ing at a fixed location.

To accurately reposition the template over the specimen
after each series of load repetitions, one corner of the tem-
plate and one corner of one of the steel angles that hold the
asphalt concrete specimen in position have a notch machined
in them so that the template fits into the notched angle exactly
the same way each time.

The method described for measuring rut depth worked sat-
isfactorily. However, readings must be taken manually at the
desired number of load repetitions. A potential improvement
to this testing system would be to rigidly mount a single spring-
loaded LVDT to measure the rut depth as the beam moves
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back and forth. The LVDT would have a roller mounted at
its tip. Rut depths would then be measured over the center
50 to 75 mm (2 to 3 in.) of the beam at the desired number
of load repetitions. Measurements could be performed au-
tomatically and stored digitally using a data acquisition sys-
tem. The average value of rutting would then be calculated
using the stored data. The data acquisition could be triggered
externally with the data then being collected at a specified
rate and for a specified time. A microswitch could be used to
trigger the data acquisition system when the beam reaches a
position near its midpoint of travel.

RUT TEST PROCEDURE
Load Repetitions

A total of 8,000 wheel passes are applied to an asphalt con-
crete specimen. When the wheel moves in either direction
over a particular point, one wheel loading is considered to
have been applied. The maximum transverse rut depth is
usually measured before the beginning of the test and at the
end of 500, 1,000, 2,000, and 8,000 load repetitions as shown
in Figure 6. Rut depth is measured at the middle three lo-
cations of the deflection template, which correspond to the
middle 50.8 mm (2 in.) of a specimen. Measurement of de-
flection over the middle 50.8 mm (2 in.) was found, because
of end effects, to give slightly better results than if the rut
measurements are averaged over a longer length of beam. A
programmable controller is used to automatically stop the test
at the end of each load sequence. Use of the programmable
controller greatly minimizes the time required to monitor the
test. A counter was also used to measure the total cumulative
number of load repetitions applied. The counter was used as
a check to verify the total number of repetitions applied since
the programmable counter must be set back to zero after each
load increment.
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Wheel Loading

The asphalt concrete beams are subjected to a 903-kN/m?
(131-psi) average tire pressure through a solid rubber tire. A
solid rubber tire has been used in the United Kingdom for a
number of years. This type of wheel is considered acceptable
by the authors for general comparisons of rut resistance be-
tween different mixes. The rubber tire is dead loaded by
means of 223 N (50 1b) of lead weight suspended from the
loaded hanger. The weight of the wheel and support frame,
load hanger, and lever arm supporting the load hanger is also
included in determining the total weight applied to the spec-
imen. The load applied by the lever arm load system to a
specimen should be accurately measured by temporarily re-
placing the wheel with a calibrated proving ring. The total
applied load is then equal to this value plus the weight of the
wheel and its support frame.

Use of a pneumatic rubber tire would be most desirable.
A rather extensive search, however, has not identified a suit-
able source of tire. An alternative approach, developed by
Lai (8), is to use a heavy hose with plugs inserted in the ends
of the hose and clamped. The hose is inflated to the desired
air pressure and then stretched out along the wheelpath on
the surface of the asphalt concrete beam. A solid metal wheel
specially machined to fit the top half of the rubber hose is
run back and forth over the hose. The use of a long rubber
hose, however, does not give the same loading as a circular
pneumatic tire.

For comparisons involving the effect of different tire pres-
sures, a pneumatic tire system should certainly be used. For
other types of direct comparisons between mixes, it is the
belief of the authors that a solid rubber tire is satisfactory.
The LWT test involves a significant reduction in scale of the
load and size of the loaded area from the field. This effect is
considered a more important possible limitation of the test
than whether a solid or pneumatic tire is used. When a suitable
source of a pneumatic tire is located, it will be incorporated
into the test.

Test Temperature

Rutting in asphalt concrete is very sensitive to test temper-
ature (5). Therefore, the loaded wheel test must be conducted
at a realistic temperature that is constant to within about
+0.6°C (£ 1°F). The testing temperature used for conditions
in Georgia is 104°F, which is about 10°F higher than the av-
erage pavement temperature at which rutting occurs in Geor-
gia (5).

The loaded wheel tests are performed in a large constant
temperature room. After a slight modification of the control
system, a temperature controller and a 1350-W heater were
used to maintain the temperature within a =0.2°F tempera-
ture control. The thermostat in the heater was removed with
the heater being controlled only by the controller. An elec-
trical relay was placed between the temperature controller
and the heater. Good air circulation must also be maintained
to achieve a high level of temperature control.

Use of a large temperature-controlled room 4 m by 4 m (13
by 13 ft) in plan and 2.3 m (7.5 ft) high permits storage of
specimens at the desired testing temperature and gives free
access to a specimen being tested without causing a mea-
surable reduction in temperature of the specimen. Because
of the large volume of air in the temperature-controlled room
and its large mass of material, rapidly opening and closing
the door has no noticeable effect on temperature of the spec-
imen. A thermometer is embedded in a dummy block of
asphalt concrete located by the beam to be tested to measure
changes in temperature. The asphalt concrete temperature is
recorded three times during the test.

Asphalt Concrete Specimens

To date, asphalt concrete beams 127 mm (5 in.) wide and
either 76 mm (3 in.) or 90 mm (3.5 in.) thick have been tested
in the LWT device described in this paper. The beams 76 mm
(3 in.) thick were used to model surface mixes that are usually
placed at this thickness in the field. When beams 76 mm (3 in.)
thick are used, a steel plate 12.7 mm (0.5 in.) thick is placed
in the bottom of the mold. Binder and base mixes tested have
been 90 mm (3.5 in.) thick.

The test system is presently set up to take an asphalt con-
crete beam up to 457 mm (18 in.) long. However, to reduce
the required materials used and specimen preparation time,
to date only beams that are 254 mm (10 in.) long have been
prepared and tested. To account for the shorter length of
beam, asphalt concrete filler blocks 76 mm (3 in.) long, which
are frequently replaced, are positioned at the ends of the beam
to permit using a 292-mm (11.5-in.) length of wheel travel.
Use of this length of wheel travel reduces the effects of the
wheel stopping and reversing direction that would have oc-
curred for a shorter travel length associated with using just a
254-mm (10-in.) beam length without the extra blocks. Use
of 254-mm (10-in.) beams with filler blocks has worked well
while reducing the required volume of the asphalt concrete
mix by 33 percent.

DISCUSSION AND TEST RESULTS

More than 300 tests have been performed on asphalt concrete
surface, binder, and base mixes using the LWT described in



this paper. The only problem encountered has been that one
precision bearing required replacement. The system requires
periodic maintenance such as the greasing of moving parts.
The LWT apparatus can be readily fabricated in a machine
shop using about $2,500 in materials and equipment. A list
of mechanical and electrical parts used in the apparatus is
available from the senior author.

The present Georgia Tech LWT system (as well as the
Georgia DOT’s system) applies a two-directional loading to
the beam. That is, the loaded wheel causes rutting in each
direction as the beam (or load) moves back and forth. In
contrast, the loading on a pavement is in only one direction.
The LWT system described in this paper could easily be changed
to one-directional loading by using a pneumatic cylinder to
apply the downward force through the wheel while the beam
is moving in one direction. While the beam is returning, the
pressure on the pneumatic cylinder would be released and
then reapplied as the next cycle begins. Also, the Georgia
Tech system is designed so that two beams can be tested
simultaneously, although this has not yet been done.

The reproducibility of the rut depths determined from the
loaded wheel test results, including the effects of sample prep-
aration, is an important consideration. On the basis of 93
tests, the average standard deviation of the test between sim-
ilar specimens (which should exhibit the same rut depth) is
about 14 percent of the average measured rut depth. The
standard deviation increases from 11.5 percent for surface
mixes to 13 percent for binders and 16 percent for base mixes.
The maximum aggregate sizes for the surface, binder, and
base mixes are 13 to 19 mm (0.5 to 0.75 in.), 19 to 25 mm
(0.75 to 1.0in.), and 25 to 38 mm (1.0 to 1.5 in.), respec-
tively. The top sizes given correspond to the size for which
100 percent of the particles pass. A study has not been carried
out to determine the effect of the 127-mm (5-in.) specimen
width on specimen performance. A limited study carried out
using a wider wheel [about 37 mm (1.5 in.)] indicated that
similar comparisons were obtained between the 28.6-mm (1.125-
in.) and 37-mm (1.5-in.) wheels.

These results include the effects of a limited number of
different personnel preparing and testing specimens. Perhaps
some effects of aggregate properties changing with time are
included, since aggregates were obtained from several of the
sources at two different times.

Samples were prepared in a steel mold preheated to 177°C
(350°F) using a static compaction procedure. The preheated
materials were mixed by hand. The aggregate was preheated
to 177°C (350°F) and the asphalt cement to 171°C (340°F)
following the recommendations of the Asphalt Institute. The
specimens were compacted by placing the heated mold con-
taining the loose mixture in a testing machine and compressing
the material to the desired thickness using a heavy steel plate
the size of the mold. Lai (9) reports that this compaction
procedure gives results similar to those of the kneading com-
pactor. Details of the procedure used are given elsewhere (7).

To illustrate how the LWT can be used, some typical rut
depth measurement results are given in Table 1. These results
are for (a) a standard Georgia DOT mix design and (b) a
coarser mix, having a slightly larger top size, which was de-
signed to reduce rutting. Mixes from a large number of quar-
ries (up to 21) were included in this study. Although the
standard (and also the coarse-graded) mixes are similar for
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all quarries, some slight variations in grading are present. The
results developed using the LWT, for example, indicate that
the proposed coarser base mix exhibits an average of 16 per-
cent reduction in rutting compared with the standard Georgia
DOT base mix presently used. These results were statistically
significant at the 95 percent level. Much larger reductions in
rutting are, of course, possible by using the coarser mix for
only selected quarries.

The reasonably large variation in rutting for a particular
type mix (surface, binder or base) suggests the importance
that aggregate properties play in rutting of asphalt concrete
mixes. The importance of aggregate properties on rutting has
been shown on the basis of results obtained from the LWT
(7). The Georgia DOT is presently conducting a study to
determine whether rut depths observed in the laboratory using
the loaded wheel test correlate with observed rutting in the
field.

CONCLUSIONS

The LWT offers an excellent device for quantitatively com-
paring the relative rut susceptibility of one asphalt concrete
mix with another. The LWT has several advantages. The
stress state applied to the asphalt concrete is similar to that
occurring in the field. The testing concept is straightforward,
and the loading system is entirely mechanical. Hence, the test
can be performed and the tester can be maintained at a min-
imum of cost by a laboratory technician having a very modest
level of technical and mechanical ability. Also, expensive and
hard-to-use electronic instrumentation is not required to ob-
tain good results. The loaded wheel test offers an excellent
alternative to other laboratory testing techniques when the
rutting performance of one mix is to be compared with that
of another.

A possible disadvantage of the LWT is that the 1986
AASHTO structural coefficients cannot be evaluated using
this procedure since the resilient modulus is not obtained from
the test.

TABLE 1 Summary of Measured Rut Depths for Georgia
Asphalt Concrete Mixes and Quarries

MIX TYPE AVERAGE RANGE STANDARD
(in.) (in.) DEVIATION
1. Base Mix Comparisons
Standard DOT 0.21 0.09-0.34 0.07
(39 samples)
Coarse (32 samples) 0.16 0.07-0.28 0.06
2. Binder Mix Comparisons
Standard DOT 0.24 0.09-0.40 0.09
(35 samples)
Coarse (39 samples) 0.21 0.09-0.34 0.07
3. Surface Mix Comparisons
Standard DOT 0.30 0.13-0.44 0.11
(15 samples)
Coarse (14 samples) 0.25 0.11-0.33 0.07
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Experience with ASTM P214 in Testing
Virginia Aggregates for Alkali-Silica

Reactivity

D. S. LANE

Recently identified occurrences of concrete deterioration result-
ing from alkali-silica reactivity (ASR) have prompted an effort
to evaluate Virginia aggregates for their susceptibility to this re-
action. The aggregates thus far associated with ASR have been
metamorphic rocks of varied composition and quartzose sands
and gravels in which the reactive constituents are believed to be
microerystalline or strained quartz. These forms of quartz are
present in many aggregates from Virginia. A review of the lit-
erature suggests that although the traditional tests (ASTM C227
and C289) for identifying aggregates susceptible to ASR are not
effective with aggregates containing microcrystalline or strained
quartz, ASTM P214, which is a new method, is promising. To
evaluate P214’s effectiveness, tests have been conducted on ag-
gregates from Virginia, and the results are being compared with
field performance and other relevant information. The results
thus far indicate that expansions in P214 may be caused by both
ASR and alkali-carbonate reactivity and that current P214 criteria
are not suitable for aggregates in Virginia. Further experience
with the method is necessary to determine whether suitable cri-
teria can be established to discriminate between nonreactive ag-
gregates and reactive aggregates containing microcrystalline or
strained quartz.

Virginia was one of the 19 states in a Strategic Highway Re-
search Program (SHRP) survey (/) indicating that it had ex-
perienced expansion and cracking of concrete as a result of
alkali-silica reactivity (ASR). Although occurrences of ASR
in Virginia had been reported in 1941 at a hydroelectric plant
(2), in 1968 in a pavement (3), and in 1972 in a bridge deck
(4), it was not considered to be of major concern for highway
construction. Alkali-carbonate reactivity (ACR), which also
causes expansion and cracking of concrete, has received con-
siderable attention in Virginia (5,6). The expansion caused
by ASR is the result of the swelling of a gel upon the ab-
sorption of water. The gel is produced by the dissolution of
silica in the aggregate. The expansion caused by ACR is re-
lated to the dedolomitization of certain argillaceous, dolomitic
limestones.

In 1979, significant longitudinal cracking was observed in
a continuously reinforced concrete pavement (CRCP) that
had been constructed near Charlottesville in 1970. The cause
of this distress was identified as ASR involving the metabasalt
(greenstone) coarse aggregate. In 1986, continuing and
mounting maintenance problems with this pavement resulted
in the decision to remove and replace approximately 6 mi
of it.

Virginia Transportation Research Council, Box 3817 University Sta-
tion, Charlottesville, Va. 22903-0817.

The types of distress associated with ASR are well illus-
trated in the SHRP handbook by Stark (7). These patterns
of distress have been observed in CRCP, jointed pavements,
hridge decks, substnictures, parapets, retaining walls, and
median barriers in Virginia. Aggregates associated with alkali-
silica gel in such concretes have included metabasalt, granite
gneiss, metarhyolite, calc schist, and quartzose natural sands
and gravels. These aggregates contain varying amounts of
quartz, which occurs in a variety of forms including strained
quartz and microcrystalline quartz. Strained quartz has a dis-
torted crystal lattice resulting from postcrystallization defor-
mation evidenced by undulating extinction when viewed with
crossed polarized light. Although quartz is apparently less
reactive than other forms of silica more traditionally associ-
ated with ASR, such as opal, chalcedony, and volcanic glasses,
it is sufficiently reactive to cause deterioration (§).

The traditional tests for identifying alkali-silica reactive ag-
gregates [ASTM C289 (Quick Chemical Method) and ASTM
C227 (Mortar Bar Method)] have been reported to be un-
reliable in predicting the reactivity of aggregates containing
microcrystalline or strained quartz as the reactive constituent
(9-13). In C227 tests of several Virginia aggregates, expan-
sions have not exceeded the traditional 3-month limit of 0.05
percent, much less the 6-month limit of 0.10 percent, even
with tests extended for 27 months. Because quartz appears
to be the reactive constituent in the Virginia aggregates, a
method that can predict its reactivity is needed if the tradi-
tional approach of screening aggregates for ASR potential is
to be followed. Hooton and Rogers (14) have reported good
results using a rapid mortar bar method proposed by Ober-
holster and Davies (15). For the purpose of evaluation, an
adaptation of this test was adopted by ASTM as “P214 Pro-
posed Test Method for Accelerated Detection of Potentially
Deleterious Expansion of Mortar Bars Due to Alkali-Silica
Reaction” (16).

PURPOSE AND SCOPE

As part of a project investigating the occurrence of alkali-
silica reactivity in Virginia, a number of aggregates were tested
using P214. The results were compared with other available
information pertaining to the potential ASR of the aggregates
to evaluate the effectiveness of method P214 for screening or
specification purposes.
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METHODOLOGY

Samples of aggregates known or suspected to be susceptible
to ASR as well as several aggregates believed to be nonreac-
tive were obtained. The aggregates were tested according to
method P214. In this method, aggregates are crushed (if nec-
essary) to fine aggregate size (<4.75 mm, < No. 4), washed,
and screened to a fixed gradation:

Sieve Size Mass (%)
4.75-2.36 mm (No. 4-No. 8) 10
2.36—1.18 mm (No. 8-No. 16) 25
1.18 mm-600 pm (No. 16-No. 30) 25
600-300 pm (No. 30-No. 50) 25
300-150 pm (No. 50-No. 100) 15

Mortars are mixed using portland cement and a water-cement
ratio of 0.44 if the aggregate is a natural sand or 0.50 if
crushed. After mixing, 25- by 25- by 275-mm (1- by 1- by 11-
in.) bars are fabricated and stored moist for 24 hr.

When the bars are 1 day old, they are stripped from the
molds, measured for length, immersed in room temperature
water, and placed in an environment at 80°C. When the bars
are 2 days old, they are measured for length (zero reading)
and then placed in 1 N sodium hydroxide (NaOH) solution
at 80°C. Bars are stored in the NaOH solution at 80°C for 14
days or longer and are periodically measured for changes in
length. A large increase in length may be indicative of the
potential for ASR.

A low-alkali Type II portland cement from one plant was
used in mixing all of the batches. According to P214, expan-
sions in the test are not significantly affected by the alkali
content of the cement used. The chemical composition of the
cement was as follows:

Component Percentage
SiO, 21.1
AlLO, 3.6
Fe,0, 23
CaO 62.7
MgO 3.8
SO, 2.5
Na,O + 0.658 x K,0O 0.43

Duplicate batches for aggregates were mixed on separate days.
Three bars from each batch were soaked in the NaOH so-
lution. In most cases, the bars were soaked for at least 28
days.

RESULTS

The results of the P214 tests are given in Table 1. The ex-
pansion listed for each batch is the average expansion of three
bars. Aggregates classified as alkali-silica reactive in Table 1
have been associated with alkali-silica gel in concretes exhib-
iting typical ASR crack patterns. The granite gneiss from
Shelton, which is classified as suspected ASR, was used in
concrete exhibiting typical ASR crack patterns, but field con-
crete has not yet been examined for the presence of ASR gel.
A classification of undetermined indicates that the field per-
formance of the aggregate has not yet been characterized.
The dolomite from Harrisonburg was a sample of the highly
expansive alkali-carbonate reactive aggregate “1-8” dis-
cussed by Newlon and Sherwood (5). Some particles of the

Augusta limestone exhibit the characteristic texture associ-
ated with alkali-carbonate rocks of dolomite rhombs in a ma-
trix of fine-grained calcite and finely disseminated clay.

Collections of alkali-silica gel were visible in polished slabs
of tested bars made with all of the aggregates except the
Augusta, Harrisonburg, and Blacksburg carbonates. When
broken, the surface of an Augusta limestone bar was exam-
ined using the UV-gel fluorescence test (7), and gel was in-
dicated on the surfaces of some aggregate particles. The pres-
ence of gel was not indicated in the specimens made with the
Harrisonburg and Blacksburg aggregates when examined with
this method. In a rough, qualitative sense, the amount of gel
produced appeared to be related to the amount of expansion
for most aggregates. The notable exceptions were the Augusta
and Harrisonburg aggregates.

DISCUSSION OF RESULTS

The criteria used in ASTM P214 (14) for evaluating test results
are as follows:

® Mean expansion of test specimens exceeding 0.20 percent
after 14 days of exposure to NaOH solution is indicative of
potentially deleterious expansion with respect to ASR.

® Mean expansion of test specimens of less than 0.10 per-
cent after 14 days is indicative of innocuous behavior with
respect to ASR.

® Mean expansion of test specimens of 0.10 to 0.20 percent
after 14 days is not yet conclusive with respect to ASR.

The preceding criteria were used to classify the susceptibility
of the tested aggregates to ASR (see Table 1).

Of the aggregates classified as potentially reactive, the
Richmond gravel and Rockville metarhyolite have been as-
sociated with ASR in the field. The Sylvatus quartzite has
only recently been used as a concrete aggregate, and a service
history is not available. Given its petrographic character, it
should be classified as potentially reactive.

The Augusta limestone, although expanding considerably
in the test, did not produce large amounts of gel, which would
be expected if the expansion were resulting from ASR. Some
particles exhibit the petrographic characteristics of ACR rocks.
The Harrisonburg dolomite, which is a known ACR rock,
expanded in the test about the same amount. This suggests
that the expansion of the Augusta limestone in P214 may be
the result of combined ASR and ACR effects or the ACR
effects alone. The expansion of the Harrisonburg dolomite
indicates that the P214 test may be effective in detecting ag-
gregates susceptible to ACR. It is interesting that the ACR
aggregate reduced to the size of sand expands considerably
in this test since size reduction is the general explanation given
for the ineffectiveness of the ASTM C227 mortar bar test to
detect ACR aggregates.

The inconclusive group includes two aggregates associated
with ASR in the field (Richmond sand and Mt. Athos calc
schist) and a third (Shelton granite gneiss), which is suspected
of field reactivity. All three give expansions in excess of 0.15
percent (but less than 0.20 percent) after 14 days in NaOH.

The Warrenton diabase and the Fredericksburg gravel both
yield expansions between 0.10 and 0.15 percent. Although
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TABLE 1 Aggregate Source, Type, Performance, and P214 Results

TRANSPORTATION RESEARCH RECORD 1418

P214 Expansion (%)
Aggegate Rock Field C 227 _ P214
urce Type Performance Expansion Batch 14d 28d  Classification
Augusta Dolomitic Undetermined — 1 0.24
Limestone 2 0.22
Avg  0.23 Reactive
Harrisonburg illaceous  Alkali- —_ 1 024 —
Calcitic carbonate 2 0.22
Dolomite reactive Avg 023 Reactive
Blacksburg Argillaceous  Good — 1 009 —
Dolomite 2 0.08 —
Avg 009 —  Innocuous
Warrenton Diabase Good —_ 1 8.15 0.36
2 A1 —
Avg 013 0.36 Inconclusive
Fredericksburg guartzose Undetermined — 1 0.10 0.19
and 2 0.08 0.21
Avg 0.09 020 Innocuous
Fredericksburg 8:_1:rtzose Undetermined —_— 1 0.13 028
vel 2 0.10 0.28
Avg 012 028 Inconclusive
Richmond Quartzose Alkali-silica  0.045% (1) 1 0.18 0.38
Sand reactive @ 27 monthe 2 0.19 0.36
Avg 019 0.37 Inconclusive
Richmond uarfzose Alkali-silica  0.016% (2) 1 031 0.50
ravel reactive @6 months 2 032 048
Avg 032 049 Reactive
Rockville Metarhyolite Alkali-silica  0.014% (2) 1 040 0.59
reactive @6 months 2 0.38 —
Avg 039 0.69 Reactive
Sylvatus Quartzite Undetermined 0.021% (2) 1 027 042
@6months 2 0.30 043
Avg 029 043 Reactive
Mt. Athos Calc schist Alkali-silica  0.012% (2) 1 0.18 0.32
reactive @6 monthse 2 0.16 0.28
Avg 017 0.30 Inconclusive
Shelton Granite Suspected — 1 0.18 0.30
gneiss i-silica 2 0.16 0.26
reactive Avg 017 028 Inconclusive
Red Hill Granite Alkali-silica  0.049% (1) 1 0.07 0.14
gneiss reactive @27 months 2 0.06 —
Avg 007 0.14 Innocuous
Shadwell Metabagalt  Alkali-silica  0.038% (1) 1 0.08 0.14
reactive @27 months 2 009 0.16
Avg 009 015 Innocuous

(1) Personal communication, D. Stark. Tests conducted by CTL, Inc. under SHRP contract using

cement with 1% Nas0 equivalent.
(2) Tests conducted by 6‘
equivalent.

the field performance of the Warrenton aggregate is reported
to be good, that of the Fredericksburg gravel has yet to be
determined. However, gravel from Fredericksburg was used
by Buck and Mather (Z0) in their work on the reactivity of
quartz because its composition was similar to that of sands
and gravels associated with ASR in Charleston, South Car-
olina. The Fredericksburg gravels are composed primarily of
quartz and quartzite and differ from those of the Richmond
area in being relatively chert-free. The relative abundance of
chert composed of microcrystalline quartz is at least a partial
explanation of the higher expansions of the Richmond gravels
and sands. Although Buck and Mather (10) conclude that the
reactive constituent in these aggregates is strained quartz,
Grattan-Bellew (I7) suggests that strained quartz per se is
not reactive; rather, microcrystalline quartz associated with
the strained quartz in such aggregates is the reactive element.

In any case, it appears that the Fredericksburg gravel, the
Richmond sand, the Mt. Athos calc schist, and Shelton granite

irginia Transportation Research Council using cement with 1% Nag0

gneiss should be considered potentially reactive. The results
with the Warrenton diabase, which would seem an unlikely
candidate for ASR, are still unclear. Because of the expan-
sions and the gel produced, a closer look at field structures,
particularly older ones, should be taken.

The Blacksburg dolomite, the Fredericksburg sand, the Red
Hill granite gneiss, and the Shadwell metabasalt were clas-
sified as innocuous with respect to ASR. The Blacksburg
dolomite showed no evidence of reactivity in the tested mortar
bars; undoubtedly, it is innocuous with respect to ASR. How-
ever, both the Red Hill granite gneiss and Shadwell meta-
basalt have been associated with field occurrences of ASR.
The low expansions of these aggregates in the P214 test pre-
sent a drawback to its widespread use until the relationship
between deleterious reactivity in the field and expansion in
the test is more clearly understood. The Fredericksburg sand
(like the Fredericksburg gravel discussed above) is compo-
sitionally similar to aggregates in a reported case of ASR.
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The Red Hill granite gneiss, Shadwell metabasalt, and prob-
ably the Fredericksburg sand should be considered potentially
reactive.

CONCLUSIONS

The P214 method for testing an aggregate’s potential for del-
eterious ASR appears to be capable of causing both the alkali-
silica reaction and the alkali-carbonate reaction to occur in
mortar bars in approximately 2 weeks. In this respect, it is a
significant improvement over the C227 method.

However, the criteria listed in P214 for evaluating expan-
sion results do not appear to be reliable in classifying the ASR
potential of all the aggregates tested. Lowering the expansion
limit for potentially deleterious reactivity to 0.10 percent would
improve the situation but would not totally solve the problem
because there are at least two reactive aggregates with ex-
pansions less. than 0.10 percent. One of these, the Red Hill
granite gneiss, has many petrographically similar counterparts
in the Piedmont of Virginia, and establishing a limit that
excludes it may result in the misclassification of other reactive
aggregates. Clearly, more experience with the test is needed
to develop a better understanding of the relationship between
an aggregate’s expansion in the test and its reactivity in the
field.

Although P214 is capable of identifying many reactive ag-
gregates not so identified by C289 or C227, the results re-
ported here are supportive of Hooton’s suggestion (/8) that
because some reactive gneisses and quartzites from the east-
ern seaboard of the United States do not expand in the method,
it may not be suitable for evaluating those aggregates.

To establish appropriate criteria, a wide range of aggregates
with known performance histories should be tested to deter-
mine whether expansions in P214 can be used to discriminate
between deleteriously and nondeleteriously reactive aggre-
gates. At the present time, appropriate limits cannot be es-
tablished that would allow the use of P214 as a specification
tool for Virginia aggregates.

REFERENCES

1. SHRP Focus. Strategic Highway Research Program, April 1989.

2. Kammer, H. A., and R. W. Carlson. Investigation of Causes of
Delayed Expansion of Concrete in Buck Hydroelectric Plant.
Journal of the American Concrete Institute, Vol. 37, June 1941,
pp. 665-671.

3. Walker, H. N. Deterioration of the Pentagon Network of Roads—
Concrete Durability Studies. Virginia Transportation Research
Council, Charlottesville, 1969.

4. Whitlow, B. S. Investigation of Deterioration in Concrete Road-
way Slab of the Robert E. Lee Bridge, Richmond, Virginia. 23rd
Annual Highway Geology Symposium, Virginia Transportation
Research Council, Charlottesville, 1972, pp. 91-108.

5. Newlon, H. H., Jr., and W. C. Sherwood. Methods for Reducing
Expansion of Concrete by Alkali-Carbonate Rock Reactions. In

11

Highway Research Record 45, HRB, National Research Council,
Washington, D.C., 1964, pp. 134-150.

6. Sherwood, W. C., and H. H. Newlon, Jr. A Survey for Reactive
Carbonate Aggregates in Virginia. In Highway Research Record
45, HRB, National Research Council, Washington, D.C., 1964,
pp. 222-234.

7. Stark, D. Handbook for the Identification of Alkali-Silica Reac-
tivity in Highway Structures. SHRP-C/FR-91-101. Strategic High-
way Research Program, 1991.

8. Ozol, M. A., and D. O. Dusenberry. Deterioration of Precast
Concrete Panels with Crushed Quartz Coarse Aggregate Due to
Alkali-Silica Reaction. Durability of Concrete, G. M. Idorn In-
ternational Symposium (J. Holm and M. Geiker, eds.). ACI SP-
131. American Concrete Institute, Detroit, Mich., 1992, pp. 407-
415.

9. Grattan-Bellew, P. E. Study of the Expansivity of a Suite of
Quartzwackes, Argillites, and Quartz Arenites. Proc., Fourth
International Conference on the Effects of Alkalies in Cement and
Concrete, Publication CE-MAT-1-78, Purdue University, West
Lafayette, Ind., 1978, pp. 113-140.

10. Buck, A. D., and K. Mather. Reactivity of Quartz at Normal
Temperatures. Technical Report SL-84-12. U.S. Army Corps of
Engineers Waterways Experiment Station, Vicksburg, Miss., 1984.

11. Berra, M., and G. Baronio. The Potential Alkali-Aggregate
Reactivity in Italy: Comparison of Some Methods to Test Ag-
gregates and Different Cement-Aggregate Combinations. Con-
crete Alkali-Aggregate Reactions (P. E. Grattan-Bellew, ed.), Noyes
Publications, Park Ridge, N.J., 1986, pp. 231-236.

12. Oberholster, R. E., M. A. Brandt, and A. C. Weston. The Eval-
uation of Graywacke, Hornfels, and Granite Aggregates for Po-
tential Alkali Reactivity. Proc., Fourth International Conference
on the Effects of Alkalies in Cement and Concrete, Publication
CE-MAT-1-78, Purdue University, West Lafayette, Ind., 1978,
pp. 141-162.

13. Oberholster, R. E. Results of an International Inter-Laboratory
Test Program To Determine the Potential Alkali Reactivity of
Aggregates by the ASTM C227 Mortar Prism Method. Concrete
Alkali-Aggregate Reactions (P. E. Grattan-Bellew, ed.), Noyes
Publications, Park Ridge, N.J., 1986, pp. 368-374.

14. Hooton, R. D., and C. A. Rogers. Evaluation of Rapid Methods
for Detecting Alkali-Reactive Aggregates. Alkali-Aggregate Re-
action (K. Okada, S. Nishibayashi, and M. Kawamura, eds.),
Elsevier Applied Science, New York, 1989. pp. 439-444.

15. Oberholster, R. E., and G. Davies. An Accelerated Method for
Testing the Potential Alkali Reactivity of Siliceous Aggregates.
Cement and Concrete Research, Vol. 16, No. 2, 1986, pp. 181-
189.

16. P214 Proposed Test Method for Accelerated Detection of Po-
tentially Deleterious Expansion of Mortar Bars Due to Alkali-
Silica Reaction. Annual Book of ASTM Standards, Vol. 04.02
Concrete and Aggregates, ASTM, Philadelphia, Pa., 1990, pp.
739-742.

17. Grattan-Bellew, P. E. Is High Undulatory Extinction in Quartz
Indicative of Alkali-Expansivity of Granitic Aggregates? Con-
crete Alkali-Aggregate Reactions (P. E. Grattan-Bellew, ed.), Noyes
Publications, Park Ridge, N.J., 1986, pp. 434-438.

18. Hooton, R. D. New Aggregate Alkali-Reactivity Test Methods.
MAT-91-14. Ontario Ministry of Transportation, Toronto, On-
tario, Canada, 1991.

The opinions, findings, and conclusions expressed in this paper are
those of the author and not necessarily those of the sponsoring agencies.

Publication of this paper sponsored by Committee on Mineral Aggre-
gates.



12

TRANSPORTATION RESEARCH RECORD 1418

Evaluation of Alabama Limestone
Aggregates for Asphalt Wearing Courses

Pritavi S. KANDHAL, FRAZIER PARKER, JR., AND EMAD A. BISHARA

The Alabama Highway Department does not permit the use of
limestone coarse aggregate in asphalt wearing courses because of
potential long-term skid resistance problems. A laboratory study
was undertaken to evaluate 32 sources of limestone aggregates
in Alabama for possible use in the wearing courses. Twelve ap-
proved sources of gravel aggregate were also evaluated for com-
parison. The frictional properties of all aggregates were deter-
mined using the British pendulum tester (ASTM E303) after 9 hr
of accelerated polishing on the British wheel (ASTM D3319).
Aggregates were also subjected to petrographic analysis. The
percentage of noncarbonate material in limestone aggregates was
determined by two methods: percent insoluble residue (ASTM
D3042) and percent loss on ignition (Tennessee DOT method).
The British pendulum number (BPN) values were found to follow
a hyperbolic relationship with polishing time. This relationship
can possibly be used to predict the limiting BPN value after in-
finite polish time. There was a general trend that the value of
BPN9 (BPN value after 9 hr of polishing) increased as the per-
centage of insoluble residue increased or the percentage loss by
ignition decreased. On the basis of BPN9 values, limestone ag-
gregates were divided into three categories: potentially low, me-
dium, and high skid-resistance levels. If BPN9 is used as an accep-
tance criterion, the limestone aggregates of the medium and high
categories have the potential to provide skid resistance levels
comparable with gravel aggregates used at the present time.

The highway pavement system requires aggregates of multi-
functional characteristics to meet various demands. For as-
phalt wearing courses these characteristics not only include
strength and durability but also adequate skid resistance. Ag-
gregates having all these properties are often not locally avail-
able and have to be imported, thereby increasing delivered
costs.

Limestone aggregates are readily available in northern Al-
abama. However, their use in asphalt wearing course mixes
is not currently permitted by the Alabama Highway Depart-
ment (AHD) because of potential long-term skid resistance
problems. Therefore, the use of crushed gravel, slag, and
other types of noncarbonate aggregates is required. However,
some siliceous aggregates, particularly gravel, have the fol-
lowing disadvantages: low resistance to water damage (strip-
ping and raveling), high asphalt absorption (high asphalt re-
quirement), and partially crushed nature (low strength and
stability). Crushed limestone generally does not exhibit these
undesirable characteristics. However, its potential lack of long-
term skid resistance must be evaluated before its use in asphalt
wearing courses.

P. S. Kandhal, National Center for Asphalt Technology, 211 Ramsay
Hall, Auburn University, Auburn, Ala. 36849. F. Parker, Jr., High-
way Research Center, 238 Harbert Engineering Center, Auburn Uni-
versity, Auburn, Ala. 36849. E. A. Bishara, Auburn University, 211
Ramsay Hall, Auburn, Ala. 36849.

In a recent study sponsored by AHD, limestone aggregates
were evaluated in asphalt wearing courses (/). Laboratory
tests showed that limestone aggregates were beneficial in in-
creasing the stability of the mix and its resistance to moisture
damage. In two field evaluations, mixes with approximately
30 percent limestone provided better skid resistance than con-
trol mixes with 100 percent siliceous aggregate. Figure 1 is
from one of these evaluations after approximately 3,000,000
vehiicle passes. It shows how skid resistance ol the paveueud,
as measured with the locked-wheel trailer (SN) and the British
pendulum tester (BPN), varied with time. At a third field site
there was no discernible difference in skid resistance. It was
important, therefore, that additional sources of limestone ag-
gregates be evaluated to determine their possible use in wear-
ing courses to take advantage of their durability and stability.

OBJECTIVES
This study was undertaken to achieve the following objectives:

1. Review available literature pertaining to the use of lime-
stone aggregates in asphalt wearing courses.

2. Conduct a nationwide survey through a questionnaire to
obtain information about states’ experiences with the use of
limestone aggregates in asphalt wearing courses.

3. Fingerprint approved sources of limestone and crushed
gravel by running various physical tests and by petrographic
examination.

4. Analyze data to determine correlations between British
pendulum number (BPN) and other aggregate properties.

5. Classify aggregates into three levels (low, medium, or
high) of skid resistance on the basis of laboratory tests.

BACKGROUND AND LITERATURE REVIEW

Skid resistance characteristics of the asphalt wearing course
are principally determined by the properties of aggregates
used because aggregates constitute more than 90 percent of
the asphalt paving mix.

According to Sherwood and Mahone (2) and Gandhi et al.
(3), limestone aggregates tend to polish more readily than
other commonly used aggregates. Sherwood and Mahone (2)
found that the majority of Virginia limestones tested in their
study tended to become slick when subjected to heavy traffic.
However, it has also been established by other investigators
(4-6) that many limestones differ significantly in polish sus-
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performance.

ceptibility. These differences have been attributed primarily
to the noncarbonate or acid insoluble constituents in the rock.

Polish susceptibility may be evaluated using a number of
different testing techniques. These techniques include (a) the
British wheel/pendulum method, (b) circular track wear
method, (¢) percent acid insoluble residue, (d) locked-wheel
skid trailer, (e) stopping distance on paved surfaces, and (f)
petrographic analysis.

British Wheel/Pendulum Method

The British wheel/pendulum method (ASTM D3319 and ASTM
E303) has been used extensively by researchers including a
recent evaluation by Diringer (7) in New Jersey. In this method,
polish susceptibility is indicated by the so-called polish value
(PV), which is a measure of the state of polish reached by a
test specimen subjected to accelerated polishing. Diringer’s
results (7) were in agreement with New Jersey’s experience
from previous studies (8,9), where it was documented that
crushed gravel mixes yielded superior skid resistance, whereas
carbonate rock mixes provided marginal skid resistance over
the long term.

Gandhi (Z0) tested various types of aggregates in Puerto
Rico for polishing value. He concluded that correlations be-
tween the polish value and other aggregate properties such
as specific gravity, absorption, abrasion value, initial friction
value, percent insoluble residue, and sand size residue were
Very poor.

Circular Track Wear Method

The circular track wear method (77) was used by Dahir and
Mullen (12). In this method, pavement samples, manufac-
tured from the aggregate to be evaluated, are placed in a
circular track and subjected to wear from small-diameter
pneumatic tires. Pavement specimens could usually be brought

to terminal polish in about 16 hr. Skid resistance values are
determined by using the British pendulum tester.

Percent Acid Insoluble Residue Method

Dahir and Mullen (I2) also used the insoluble residue test
(ASTM D3042) in their study of four carbonate aggregates.
In this test the insoluble residue reflects the amount of non-
carbonate material in limestone (carbonate) aggregates. A
large amount of noncarbonate material may indicate higher
polish resistance. Dahir and Mullen (12) concluded that the
acid insoluble residue percentages for the four carbonate ag-
gregates indicated that skid resistance improved with in-
creased residue content and that sand-size residue was prob-
ably more important than total residue. Using the polarizing
microscope method, the authors found that the sand-sized
insoluble residue consisted of hard siliceous particles, mostly
quartz. Similar findings have been reported by other inves-
tigators (13-19). Sherwood (20) and Gray and Renninger (13)
showed that the amount and nature of the acid insoluble
mineral grains contained in limestones were primarily re-
sponsible for their variable wearing characteristics.

Locked-Wheel Skid Trailer Method

The locked-wheel skid trailer method (ASTM E274) is a field
technique that measures the pavement skid resistance. The
trailer is usually towed at 40 mph, water is sprayed on the
pavement surface, and the trailer wheels are locked to mea-
sure skid resistance. When the test wheel is locked, the resis-
tance offered by the pavement surface is measured by a torque-
measuring device in the trailer. This resistance is converted
into a numerical value called skid number (SN).

Dabhir et al. (21) used various polishing methods and friction
measurement techniques, such as the locked-wheel skid trailer
method and the British pendulum tester, to determine the
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correlations between laboratory and field skid resistance test
results. They found that the general level of skid-resistance
characteristics of surface aggregates may be determined in the
laboratory and that the aggregates may be ranked similarly
by both approaches.

Stopping Distance Method

The stopping distance method (ASTM E445/E445M) is a field
technique that characterizes the pavement surface skid resis-
tance by the so-called stopping distance number (SDN). In
this method a passenger vehicle with four wheels is used. The
pavement in the test lane is wetted. The test vehicle is brought
above the desired test speed and is permitted to coast onto
the wetted section until the proper speed is attained. The
brakes are then promptly and forcefully applied to cause a
quick lockup of the wheels and to skid to a stop. The distance
required to stop is recorded.

Sherwood and Mahone (2) used skid test data and coeffi-
cient of friction measurements, measured by different (est
methods, compiled for 23 years to propose the acid insoluble
residue test for differentiation between skid resistance of dif-
ferent aggregates. For the sake of uniformity the authors con-
verted all the skid test data and reported them as 40-mph
stopping distance skid numbers using conversion curves de-
veloped by Dillard and Allen (22). The authors found that a
simple relationship existed between the total acid insoluble
residue percentages of Virginia limestones and their polish
resistance (as indicated by the stopping distance skid number).
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Petrographic Analysis Method

Dahir and Mullen (12) used the petrographic analysis method
to determine the percentages of minerals and their hardness
from thin sections of aggregates. The authors concluded that
within the various aggregates tested in their study, a mixture
of different minerals with different hardness in the same ag-
gregate had a positive influence on skid resistance.

Most carbonate rocks tested by Gandhi et al. (3) were pure
limestones. Their results showed that polishing of aggregates
did not depend entirely on mineral composition. Other fac-
tors, such as texture of the rock (grain size, shape, and grain
to grain relationship), degree of alteration, cementation, na-
ture of cementating material, nature of impurities present,
and porosity, could have considerable influence on polishing.

QUESTIONNAIRE.

To obtain information about other states’ experiences and
current practices with (he use of limestone aggregales iu as-
phalt wearing courses, a questionnaire was sent to highway
officials in the 50 states and the Canadian provinces.

The detailed results of this questionnaire, based on re-
sponses given by 43 states and Ontario, Canada, are given
elsewhere (23). Figure 2 shows the responses concerning the
use of limestone as coarse aggregate in the wearing course.

Seven states responded that they do not use limestone in
asphalt wearing course mixes. Limestone aggregate did not
meet their specifications or was not available in their region.
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Eight states use the acid insoluble residue test in evaluating
limestone aggregates for polish susceptibility. The skid trailer
is used by nine states. Five states use the British pendulum
and five states use petrographic analysis. Some states restrict
the use of limestone aggregate based on the average daily
traffic, and some use more than one criterion as shown in
Figure 2.

MATERIALS AND TESTING METHODOLOGY
Materials

Two types of aggregates were used in this study: limestone
and gravel. These aggregates were obtained from sources in
Alabama approved for use in hot mix asphalt. Physical prop-
erties (obtained from AHD) are given in Tables 1 and 2.
Thirty-two limestone and 12 gravel aggregates from AHD-
approved sources were used. However, there are other ap-
proved sources of gravel that are not listed on the approved
source list. The limestone aggregate serial number was as-
signed an A code and the gravel a B code.

Testing Methodology

Aggregate fractions passing the 12.7-mm (3-in.) sieve and re-
tained on the 9.5-mm (3-in.) sieve were used for preparing
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test samples for the British pendulum test. Aggregate frac-
tions passing the 9.5-mm (3-in.) sieve and retained on the
4.75-mm (No. 4) sieve were also used for the insoluble residue
test and for the loss by ignition test.

The tests conducted are described in the following subsec-
tions.

Accelerated Polishing of Aggregates Using the British
Wheel (ASTM D3319)

This test method simulates the polishing action of vehicular
tires under conditions similar to those occurring on coarse
aggregates used in asphalt pavements. A polish value is de-
termined that may be used to classify coarse aggregates by
ability to resist polishing under traffic.

Polishing wheel specimens consisting of bare aggregate par-
ticles were prepared to fit on the periphery of the accelerated
polishing wheel. A rubber-tired wheel rubs against the pol-
ishing wheel when both are rotating. Silicon carbide grit and
water are fed to accelerate the polishing action. Five replicate
samples for each quarry were polished in this manner.

Measurement of Surface Frictional Properties Using
the British Pendulum Tester (ASTM E303)

This test method is used to determine the relative effects of
the British polishing wheel on coarse aggregates in terms of

TABLE 1 Physical Properties of Limestone Aggregates

Bulk L.A. Sod.Sulf.

SOURCE # Specif. Absorption Abrasion Soundness

Gravity % % Wear % Sound
A-1 2.800 0.7 40.0 99.8
A-2 2.600 1.3 24.9 99.7
A-3 2.815 0.5 26.9 99.6
A-4 2.678 0.8 22.8 99.8
A-5 2.565 1.6 27.8 99.7
A-6 2.663 0.9 36.8 97.9
A-7 2.695 0.7 19.8 99.6
A-8 2.672 0.9 20.8 99.1
A-9 2.707 0.8 22.0 98.7
A-10 2.600 1.2 29.0 99.9
A-11 2.729 0.6 28.3 99.7
A-12 2.694 0.5 22.3 99.1
A-13 2.776 0.5 19.5 99.9
A-14 2.703 0.4 24.8 99.8
A-15 2.722 0.4 23.1 99.8
A-16 2.805 0.5 24.5 99.6
A-17 2.629 1.8 22.8 97.4
A-18 2.686 0.6 21.8 99.4
A-19 2.664 1.0 24.2 99.6
A-20 2.804 0.6 17.9 99.1
A-21 2.608 1.0 32.8 98.4
A-22 2.667 0.9 20.0 99.2
A-23 2.647 0.8 25.6 99.7
A-24 2.633 0.8 20.2 99.8
A-25 2.516 2.0 19.1 99.9
A-26 2.654 0.9 27.1 99.6
A-27 2.680 0.7 21.8 99.7
A-28 2.718 0.7 19.6 99.6
A-29 2.707 1.6 22.4 99.6
A-30 2.682 0.6 20.8 99.5
A-31 2.658 0.7 24.0 99.7
A-32 2.808 0.6 21.5 99.8
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TABLE 2 Physical Properties of Gravel Aggregates
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Bulk L.A. Sod. Sulf.

SOURCE # Specific Absorption Abrasion Soundness

Gravity % % Wear % Sound
B-1 2.399 3.7 23.6 99.1
B-2 2.318 4.5 15.5 100.0
B-3 2.330 5.0 16.7 98.9
B-4 2.376 4.1 13.5 99.7
B-5 2.480 2.2 39.0 99.4
B-6 2.444 3.0 15.5 99.3
B-7 2.597 0.6 24.8 99.9
B-8 2.316 4.5 15.5 99.8
B-9 2.567 1.2 36.1 99.0
B-10 2.467 2.7 33.2 98.5
B-11 2.601 0.6 29.4 99.4
B-12 2,342 4.1 17,3 99.1

polish value. A dynamic pendulum impact-type tester was
used to measure the energy loss when a rubber slider edge is
propelled over a test surface. The test surface is wet before
testing (v simulate worst conditions and o conelation with
field tests such as the locked-wheel skid trailer. BPNs are
dimensionless values that represent the frictional properties
of the tested surface. BPN values of all test specimens were
obtained by removing the specimens from the polishing wheel
at set intervals (3, 6, and 9 hr) and testing with the British
pendulum. This was done to evaluate the rate of polishing
with time.

Percent Insoluble Residue in Carbonate Aggregates
(ASTM D3042)

This test gives the percentage of noncarbonate (insoluble)
material in carbonate aggregates, which may indicate the pol-
ish susceptibility or friction properties of aggregate used in
asphalt pavements.

A 500-g sample of aggregate is placed in a glass beaker and
is reacted with several increments of hydrochloric acid solu-
tion until effervescence is stopped completely. The aggregate
residue is washed over a 75-pm (No. 200) sieve, dried, and
sieved again. The weight of the plus 75-pum (No. 200) residue
is determined and expressed as a percentage of the original
sample weight. The gradation of the insoluble residue was
not analyzed to determine the sand size fraction, which many
believe is critical for skid resistance.

Percent Loss on Ignition of the Mineral Aggregate
(Tennessee Department of Transportation Method)

This test gives the percentage of weight loss when aggregates
are subjected to a very high ignition temperature. It is an
indicator of the relative percentages of carbonate and non-
carbonate material in an aggregate.

This test is used by the Tennessee Department of Trans-
portation to restrict the carbonate content of aggregate used
in surface mixes. The basic principle of the test is same as
that of the acid insoluble residue test. A 300-g sample of
aggregate is heated in a muffle furnace at 950°C for a minimum
of 8 hr. The samples are weighed before and after heating.

The loss in the weight of the sample provides an indication
of the carbon dioxide driven from the calcium or magnesium
carbonate and is expressed as percent of the original weight.

Petrographic Analysis

This analysis was performed by a geologist in the Geology
Department at Auburn University and identifies the constit-
uent minerals of an aggregate and their characteristics. The
analysis is done using different approaches for limestone and
gravel aggregates. It consists of descriptions of thin sections
made from quarry rock samples for limestone aggregates and
visual inspection for gravel aggregates. The analysis deter-
mines the relative percentage of each mineral type present in
an aggregate. The results of petrographic analysis are given
elsewhere (23).

PRESENTATION AND ANALYSIS OF RESULTS

As mentioned earlier, the BPN is a measure of the frictional
characteristics of test specimens subjected to accelerated pol-
ishing reported for various polish times. It is reported from
an average of three to five specimens depending on the sur-
vivability of specimens during polishing. The relationship be-
tween the BPN value and polish time follows a hyperbolic
function (/,24):

t

BPN = BPNO —
a + bt

ey

where BPN is the British pendulum number value at time ¢
(hours), BPNO = British pendulum number value at time 0
(initial BPN), and a and b are constants calculated from fol-
lowing equations:

Lo 112 11 @
" 2 — 11 \dBPN1  dBPN2

1 12 1
b= a <dBPN2 - dBPNl) ®)
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where dBPN1 and dBPN2 are differential BPNs for polish
times ¢1 and ¢2, respectively. These values are defined as
follows:

dBPN1 = BPN1 — BPNO

dBPN2 = BPN2 — BPNO

i

As the polish time approaches infinity, the BPN value de-
scribed by Equation 1 approaches the so-called limiting BPN
value (BPNL):

t

lim, ,., BPN = BPNO — lim,,,, m 4)
Hence,

1
BPNL = BPNO — — 5)

b

The limiting BPN value can be estimated from Equation 5
provided both BPNO and b are known. The former is obtained
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experimentally and the latter is calculated from Equation 3
and requires measuring BPN values after two polishing in-
tervals.

Results of the average BPN values measured at 0-hr polish
time (BPNOQ) and 9-hr polish time (BPN9) and corresponding
estimated limiting BPN values (BPNL) are given in Tables 3
and 4 for limestone and gravel aggregates, respectively. Also
included in Table 3 are the values of ABPN (BPNO — BPN9),
percent loss by ignition (%LI) and percent insoluble residue
(%IR). As shown in Table 3, values of BPN9 for the 32
limestone aggregates tested in this study range from 24 to 36.
The range of BPN9 for gravel aggregates (12 sources) is from
27 to 34 (see Table 4). Therefore, values of BPN9 for both
limestone and gravel aggregates tested in this study are quite
comparable.

Using correlation analysis (SAS program), simple statistics
and a correlation matrix among all parameters of the study
were developed (see Tables 5 and 6). The top number in each
cell is the coefficient of correlation between the two variables
defining the cell. The bottom number in each cell is developed
from hypothesis testing and indicates the significance of the
correlation; lower numbers imply greater significance. The

TABLE 3 Test Results for Limestone Aggregates

SOURCE # BPNO BPN9 BPNL ABPN % LI % IR
A-1 47 32 29 15 45.68 3.48
A-2 44 33 32 11 34.76 20.51
A-3 43 30 28 13 44.59 0.68
A-4 41 28 27 13 42.29 1.95
A-5 44 33 32 11 37.90 13.04
A-6 43 29 28 14 40.38 1.29
A-7 42 29 28 13 42.36 0.57
A-8 42 31 30 11 39.59 8.79
A-9 44 35 35 9 38.58 6.33
A-10 41 32 29 9 39.18 7.30
A-11 44 27 18 17 44.07 0.27
A-12 38 30 28 8 41.28 2.00
A-13 44 30 26 14 42.68 0.80
A-14 38 28 27 10 38.36 0.85
A-15 40 29 21 11 43.32 2.49
A-16 44 32 30 12 44.45 1.31
A-17 43 31 30 12 38.19 1.57
A-18 42 30 29 12 42.45 0.5
A-19 45 31 30 14 37.00 15.88
A-20 41 27 22 14 41.42 9.73
A-21 46 32 31 14 42.00 0.00
A-22 45 35 32 10 39.14 2.54
A-23 39 29 29 10 39.78 6.8
A-24 43 35 33 8 40.12 7.53
A-25 48 36 34 12 30.72 29.13
A-26 41 29 28 12 41.05 3.50
A-27 46 33 32 13 40.30 3.21
A-28 42 27 24 15 41.66 5.97
A-29 38 26 25 12 46.21 0.83
A-30 45 35 34 10 39.76 0.39
A-31 45 32 26 13 38.52 0.52
A-32 40 24 22 16 42.98 0.01

Notations: BPNO = British pendulum number value at O hour
BPNS = British pendulum number value at 9 hours
BPNL = limiting British pendulum number value
ABPN = BPNO - BPNS
% LI = percent loss by ignition
% IR = percent acid insoluble residue (plus No. 200)
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TABLE 4 Test Results for Gravel Aggregates
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SOURCE # BPNO BPN9 BPNL ABPN
B-1 35 30 30 5
B-2 39 30 27 9
B-3 41 30 22 11
B-4 39 32 31 7
B-5 45 34 31 11
B-6 37 27 26 10
B-7 38 29 27 9
B-8 40 29 25 11
B-9 37 29 26 8
B-10 41 32 31 9
B-11 37 33 32 4
B-12 40 31 16 9

numbers are expressions of probability, in decimal form, that
the correlations are not significant. For the purpose of this
study, the correlation coefficient will be considered low
if below 0.50, fair if between 0.50 and 0.80, and good if
above 0.80.

In addition to corrclations for BPNO, BPN9, ABPN, %L1,
and %IR, correlations for %SIL, %DOL, %CAL, BSG, and
% ABS are shown in Table 5. The terms %SIL, %DOL, and
%CAL indicate, respectively, the percentages of silica, do-
lomite, and calcite determined in the petrographic analysis of
the limestone aggregates. The terms BSG and %ABS are,
respectively, the aggregate bulk specific gravity and percent
absorption. Correlations in Table 6 include the variables
%CHERT, %QUARTZ, and %SANDSTONE. These terms

TABLE 5 Correlation Matrix for Limestone Aggregates

indicate, respectively, the percentages of chert, quartz, and
sandstone determined in the petrographic analysis of the gravel
aggregates.

Rclationship Between BPN9 and BPNL

Since polish time of 9 hr was the maximum examined in this
study, it was important to determine the correlations between
BPN9 and BPNL values for both limestone and gravel ag-
gregates.

Coefficients of correlation between the BPN9 and the BPNL
are 0.85 and 0.42 for limestone and gravel aggregates, re-
spectively. This relationship is shown in Figure 3 for limestone

BPNO | BPNO | BPNL | 4BPN | %LI %IR %SIL | %oL | %cAL | BsG %ABS

BPNo| 1.00000| 0.68086| 0.47390| 0.26863(-0.32151 0.33094| 0.18528|-0.16447| 0.14727|-0.22019] 0.24363

0.0 0.0001| 0.0061| 0.1371| 0.0728| 0.0643| 0.3100| 0.3684| 0.4212| 0.2259| 0.1790

BPNO 1.00000| 0.85382|-0.52260|-0.55744| 0.41408| 0.22777|-0.42502| 0.41040[-0.50825| 0.30436

0.0 0.0001| 0.0022| 0.0009| 0.0185| 0.2099| 0.0153| 0.0196| 0.0030| 0.0903

BPAL 1.00000-0.57126(-0.54913| 0.38450| 0.26959|-0.46572| 0.44732|-0.53302| 0.39167

0.0 0.0006| 0.0011| 0.0208| 0.1357| 0.0072| 0.0103| 0.0017| 0.0266

ABPN 1.00000| 0.35887|-0.15934|-0.08388| 0.36752|-0.36830| 0.41212]-0.11667

0.0 0.0437| 0.3837| 0.6481| 0.0385| 0.0381| 0.0191| 0.5248

%L1 1.00000|-0.76887|-0.55098| 0.53073|-0.48082| 0.75538]-0.54729

0.0 0.0001| 0.0011| 0.0018| 0.0053| 0.0001| 0.0012

%IR 1.00000| 0.70531|-0.25302| 0.17667|-0.55340| 0.59373

0.0 0.0001| 0.1623| 0.3334| 0.0010| 0.0003

%s1L 1.00000] -0.30032| 0.19037-0.56062| 0.59261

0.0 0.0949| 0.2067| 0.0008| 0.0004

%ot 1.00000] -0.99357| 0.80860|-0.42818

0.0 0.0001| 0.0001| 0.0145

%CAL 1.00000|-0.76567| 0.37033

0.0 0.0001| 0.0369

BSG 1.00000|-0.71040

0.0 0.0001

%ABS 1.00000
0.0
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TABLE 6 Correlation Matrix for Gravel Aggregates
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BPNO BPN9 BPNL ABPN #CHERT |%QUARTZ |%SANDSTONE BSG %ABS
BPNO 1.00000(0.56103|-0.06461| 0.70702| 0.00102| 0.04598( -0.26746 |-0.32175 | 0.29681
0.0 0.0577| 0.8419 0.0101| 0.9975| 0.8872 0.4007 0.3078 0.3488
BPN9 1.00000(0.41870 |-0.18874|-0.34461| 0.32888( 0.08039 0.13735 [-0.14996
0.0 0.1755 0.5569| 0.2727( 0.2966 0.8039 0.6704 0.6418
BPNL 1.00000 [-0.43435|-0.44244( 0.40696| 0.19023 0.44806 |-0.41849
0.0 0.1583| 0.1498| 0.1892 0.5537 0.1441 0.1758
ABPN 1.00000| 0.29562|-0.22641| -0.38598 |-0.49904 | 0.48022
0.0 0.3509| 0.4792 0.2153 0.0986 0.1141
%CHERT 1.00000|-0.98450| -0.06178 |-0.87639 | 0.88947
0.0 0.0001 0.8487 0.0002 0.0001
%QUARTZITE 1.00000( -0.11424 0.87484 (-0.89155
0.0 0.7237 0.0002 0.0001
%SANDSTONE 1.00000 [-0.01129 | 0.03537
0.0 0.9722 0.9131
BULK S.G. 1.00000 |-0.99001
0.0 0.0001
%ABS 1.00000
0.0

aggregates. The lower correlation between BPNL and BPN9
in the case of gravel aggregates may be a result of the use of
a smaller number of sources compared with limestone aggre-
gates.

Relationship Between BPN9 and BPNO

It was important to evaluate the relationship between the
frictional value (BPN) at 9 hr and that at zero time to deter-
mine the effect of polishing. As shown in Table 5, the cor-
relation coefficient between BPN9 and BPNO for limestone
is 0.68. The corresponding coefficient for gravel aggregates
(Table 6) is 0.56. These results indicate that the BPN value
measured at a certain time is partially dependent on the initial
BPN value.
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FIGURE 3
aggregates.

Categorization of BPN9 Values for Both Limestone
and Gravel Aggregates

To divide the BPN9 values into low, medium, and high cat-
egories, the full range of BPN9 values for both limestone and
gravel aggregate sources examined in this study was arbitrarily
subdivided into three about equal ranges. This procedure re-
sulted in the following categories and ranges (see Figures 4
and 5): low BPN9, below 28; medium BPNY, 28 to 32; and
high BPN9, above 32.

AHD permits the use of all gravel aggregates. The lowest
BPNO for gravel aggregates used in this study is 27. If BPN9
is used as an acceptance criterion, the limestone aggregates
with medium and high BPN9 (28 to 32 and 33 to 36, respec-
tively) should also be permitted. However, their performance

% Frequency

Medlum
69%
High
ao% Low
16% .
Below 28 28 32 Above 32
BPN9 value

FIGURE 4 Categories of limestone aggregates based on
BPN9 values.
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Below 28 28 32 Above 32
BPN9 Value

FIGURE 5 Categories of gravel aggregates based on BPN9
values.

should be confirmed in the field. Figure 6 shows the changes
in BPN values with respect to time for typical limestone ag-
gregates from low, medium, and high categories. Curves shown
in the figures are theoretical plots of the BPN-time relation-
ship based on the hyperbolic function given in Equation 1.
There was good agreement between the experimental obser-
vations and the theoretical function for both types of aggre-
gates in all these categories. Accordingly, it is expected that
the hyperbolic function will provide a good tool for estimating
aggregate’s BPN value after different polishing times.

Results of Insoluble Residue

Results of the percentage insoluble residue for all the lime-
stone aggregate sources examined in this study are given in
Table 3. These values range from 0.00 to 29.13 percent. The
correlation coefficient hetween the percentage insoluble res-
idue (%IR) and other parameters is given in Table 5. A pos-

50.00
E
q
40.00
H SOURCE A-25
BPN i
] : SOURCF A-13
30.00 T——a__
2o,ooﬂ...,....,...,.‘.,...,..,...ﬁ
0.00 4.00 8.00 12.00

POLISH HOURS

FIGURE 6 Polish hours versus BPN values for three
limestone aggregates.
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itive correlation coefficient of 0.41 is found between the per-
centage insoluble residue and the BPN9. The relationship
between the two parameters is given by

BPN9 = 29.7 + 0.02(%IR) (6)

There is a general trend that as the percentage of insoluble
residue increases, the value of BPN9 also increases, but the
degree of correlation is poor. This is likely due to variability
in the composition and gradation of the residue material: both
influence friction.

Results of Percentage Loss by Ignition

Results of the percentage loss by ignition for all the limestone
aggregate sources examined in this study are given in Table 3.
These values range from 30.73 to 46.22 percent. The corre-
lation coefficient between the percentage loss by ignition (%LlI)
and BPNY is given in Table 5. A negative correlation coef-
ticient of —U.56 1s found between the percentage loss by
ignition and the BPN9. The relationship between the two
parameters is given by

BPN9 = 52.0 — 0.5(%LI) )

There is a general trend that as the percentage loss by ignition
decreases, the value of BPN9 increases, but there is a rela-
tively low degree of correlation.

The correlation results given in Table 5 also show that a
high negative correlation of —0.77 exists between the per-
centage insoluble residue and the percentage loss by ignition.
This high correlation is probably a result of the fact that the
two methods use the same concept of measuring the amount
of carbonates in the aggregates.

CONCLUSIONS AND RECOMMENDATIONS

On the basis of the test data obtained and analyzed in this
study the following conclusions are drawn and recommen-
dations made:

1. The BPN or polish values were found to follow a hy-
perbolic relationship with polishing time. The relationship can
possibly be used to predict the ultimate or limiting BPN value
(BPNL) at infinite polish time.

2. A wide range of BPN values after 9 hr of polish (BPN9)
exists for limestone aggregates (24 to 36). This may be a result
of the different constituents of the rocks such as calcite, silica,
dolomite, and other minerals. It may also be due to differ-
ences in crystalline structure that result in different densities,
porosity, fracture shape, surface texture, and so forth.

3. There is a general trend that as the percentage of insol-
uble residue increases the value of BPN9 also increases. How-
ever, the poor degree of correlation obtained suggests that
the BPN value cannot be statistically predicted from percent
insoluble residue.

4. There is also a general trend that as the percentage loss
by ignition decreases the value of BPN9 increases. However,
the low correlation obtained suggests that the BPN value
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cannot be statistically predicted from the percentage loss by
ignition.

5. The coefficient of correlation between values of per-
centage loss by ignition and those of percentage insoluble
residue was determined to be —0.77. This fairly good cor-
relation between the two parameters exists because both mea-
sure the amount of carbonates in different ways.

6. The results of this laboratory study have made it possible
to establish categories of potentially low, medium, and high
skid resistance levels of limestone aggregates for Alabama.
On the basis of 9-hr BPN values, these categories have ranges
of 24 to 27, 28 to 32, and 33 to 36 for low, medium, and high
levels, respectively.

7. AHD permits the use of all gravel aggregates. The lowest
BPNO for gravel aggregates used in this study is 27. If BPN9
is used as an acceptance criterion, the limestone aggregates
with medium and high BPN9 (28 to 32 and 32 to 36, respec-
tively) have the potential to provide skid resistance compa-
rable with gravel aggregates used at the present time.

8. A field evaluation of limestone aggregate sources falling
into various categories based on 9-hr BPN values (BPN9) is
being conducted. Short sections utilizing 75 to 85 percent
limestone aggregates are being constructed and will be eval-
uated periodically with locked-wheel skid trailer. The various
sources can then be categorized finally on the basis of field
measurements rather than 9-hr BPN values measured in the
laboratory.
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Aggregate Type and Traffic Volume as
Controlling Factors in Bituminous

Pavement Friction

WiLLiaMm H. SKERRITT

The New York State Department of Transportation’s (NYSDOT’s)
Pavement Friction Inventory program has collected friction data
on 155 pavement sites since testing began in 1980. The data gath-
ered were analyzed and the adequacy of the current high-friction
aggregate specification, in placc since 1970, was determined. Data
from another 66 sites, gathered as part of a previous NYSDOT
study, were included. Together, the 221 sites tested represent
most combinations of coarse aggregate rock types and traffic
volumes normally encountered in New York State. The coeffi-
cient of friction for a pavement at terminal polish, as determined
by a drag-force trailer in accordance with ASTM E274, was found
to be controlled mostly by coarse aggregate rock type and daily
traffic volume, expressed as lane average annual daily traffic
(LAADT). Mineral aggregates used in New York State were
divided into three rock-type categories—homogeneous, sandy,
and blended—each having a distinct polishing mode. Semilog
plots of friction number versus LAADT were constructed for
each rock type, showing whether each rock type is performing
adequately and, if not, under what traffic conditions its use must
be restricted.

The purpose of the study reported here was to analyze pave-
ment friction data and determine the adequacy of New York’s
current high-friction aggregate specification. Data from 155
pavement sites were gathered as part of an ongoing Pavement
Friction Inventory (PFI) program administered by the Ma-
terials Bureau of the New York State Department of Trans-
portation (NYSDOT). Data from another 66 sites had been
gathered previously by the NYSDOT Engineering Research
and Development Bureau and were included in the analysis.

Friction properties of bituminous pavement surfaces were
derived from their macro- and microtextural roughness. Ma-
crotexture is roughness due to aggregate size, shape, and
gradation. Microtexture [which depends on the petrology or
rock physical characteristics of exposed individual particles
(I-4)] and the lane average annual daily traffic (LAADT)
have been good predictors of pavement friction (5,6). NYSDOT
has relied on a high-friction aggregate (HFA) specification
(given later in the paper) that defines which aggregates are
to be used in terms of rock type, acid-insoluble residue (AIR)
content, and minimum blending percentages. The depart-
ment’s PFI program monitors performance of aggregates
meeting the HFA specification, using a matrix of aggregate
rock types and daily traffic volumes as encountered through-
out the state (Table 1).

Materials Bureau, New York State Department of Transportation,
1220 Washington Avenue, Bldg. 7A, Room 200, State Office Building
Campus, Albany, N.Y. 12232.

SITE SELECTION AND FRICTION
MEASUREMENT

The PFI was established in 1978 in response to a Federal
Highway Administration requirement to monitor pavement
friction performance. NYSDOT’s monitoring program is based
on testing pavement sections representative of highway con-
struction throughout the state. Selection of a PFI site involves
field evaluation of potential sections, pavement coring, and
petrographic analysis of aggregate extracted from these cores
to determine proportions of the various rock types present in
the coarse fraction. Field evaluation avoids any pavement
having problems that might affect friction measurements, such
as flushing or raveling. Also, close examination of the pave-
ment flushing indicates whether aggregates are uniformly dis-
tributed throughout the potential test section. Depending on
the HFA type used, petrographic analysis includes appropri-
ate determinations of constituent rock types, percentage of
noncarbonate materials in blended aggregate, and AIR. Ac-
ceptable test sites are fitted into the inventory matrix accord-
ing to their aggregate classification and LAADT, as indicated
in Table 1. All PFT sites have been and will continue to be
scrutinized in this manner.

All friction testing is performed with the NYSDOT two-
wheeled drag-force trailer, using a procedure conforming to
ASTM E274 with a standard ribbed test tire (ASTM E249).
Tests are run at 64 kph (40 mph) and 89 kph (55 mph) on
roughly tangent pavement sections over a distance of 0.48 km
(0.3 mi). The department considers paving materials and sur-
face texture to be adequate when measured friction number
(FN) [wet at 64 kph (40 mph)] is 32 or higher. This number
was selected as a minimum design target value because it
corresponds to the friction assumed by AASHTO in calcu-
lating stopping distances.

AGGREGATE CATEGORIES

Aggregates may be separated into three categories on the
basis of their polishing characteristics: homogeneous, sandy,
and blended (Table 1). Each responds to traffic wear in its
own way.

Homogeneous Rock Types

Homogeneous rock types contain mineral constituents having
roughly the same Moh’s hardness (a scratch hardness rating
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TABLE 1 Sites in the PFI Matrix
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Lane AADT

Aggregate Type -1K 1K-2K 2K-5K SK-10K 10K-20K 20K-30K
HOMOGENEOQUS
Traprock 0 3 1 2 2 2
Granitc 5 1 1¢ 0* o0* 0*
Limestone
Dolomite

Wappinger 0 2 2 2 2 1

Lockport 2 7 9 1 0* 0*

Other 3 2 2 0 0 0
SANDY
Sandstone 3 6 6 0 0 0
Siliceous Limestone 4 7 3 o* o* 0*
Siliceous Dolomite 3 4 13 4 2 o*
BLENDS
Limestone/Non-Carb. 18 21 21 8 4 o*
Dolomite/Non-Carb. 0 o 0 1t 1* 0*
Gravel 2 4 2 (1 o* o*

=

*More sites being sought

on a scale of 1 to 10, reflecting a mineral’s resistance to wear)
and include traprock, granite, limestone, and dolomite. Uni-
form Moh’s hardness results in even particle wear in the pave-
ment surface. The two carbonate rocks included in this cat-
egory, limestone and dolomite, have low AIRs. Of the two,
dolomite is allowed by the current HFA specification to be
used alone in top courses in NYSDOT projects. Since the
HFA specification does not allow use of limestone alone as
the coarse aggregate, no such sites were tested.

Sandy Rock Types

These rock types contain quartz sand either as the major
constituent or as a significant component and include sand-
stone, siltstone, quartzite, siliceous limestone, and siliceous
dolomite. The last two are carbonate rocks having high AIRs.

Aggregate Blends

These contain two or more rock types, both carbonate and
noncarbonate. Since the noncarbonate rock types capable of
meeting NYSDOT quality requirements have Moh’s hard-
nesses much greater than carbonates and are consequently
more resistant to wear and polish, they provide most of the
friction in these blends.

ANALYSIS OF TEST DATA AND DISCUSSION

Friction of new pavements comes mostly from macrotexture,
since the aggregate is still coated with asphalt. As traffic wears
the surface, aggregate is exposed and polished. Eventually,
all coarse aggregate particles at the surface are abraded to an
equilibrium condition referred to as “‘terminal polish” (1,2,7)

(Figure 1). It generally takes 2 to 3 years of exposure to traffic
before that condition is reached (5,6). Testing normally begins
on PFI sites 2 or more year<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>